The hippocampus expresses a large number of androgen receptors; therefore, in men it is potentially vulnerable to the gradual age-related decline of testosterone levels. In the present study we sought to elucidate the nature of the relationship between testosterone and hippocampal volume in a sample of middle-aged male twins (average age 55.8 years). We found no evidence for a correlation between testosterone level and hippocampal volume, as well as no indication of shared genetic influences. However, a significant moderating effect of testosterone on the genetic and environmental determinants of hippocampal volume was observed. Genetic influences on hippocampal volume increased substantially as a function of increasing testosterone level, while environmental influences either decreased or remained stable. These findings provide evidence for an apparent gene-by-hormone interaction on hippocampal volume. To the best of our knowledge, this is the first study to demonstrate that the heritability of a brain structure in adults may be modified by an endogenous biological factor.
Introduction
As early as the fourth decade of life, testosterone levels in men begin to decline at a steady rate (Feldman et al., 2002; Ferrini and Barrett-Connor, 1998; Harman et al., 2001; Muller et al., 2003) . This decline is especially pronounced for bioavailable or free testosterone, which is not bound to the sex hormone binding globulin and therefore is physiologically active (Feldman et al., 2002; Ferrini and BarrettConnor, 1998; Harman et al., 2001; Muller et al., 2003) . The gradual loss of testosterone leads to functional changes in androgen responsive tissue, those areas of the body in which androgen receptors (AR) are abundant (Morley, 2001; Vermeulen, 2000) . In addition to the prostate (Cunha et al., 1987) , heart (Marsh et al., 1998) , skin (Blauer et al., 1991) , and musculoskeletal tissue (Sheffield-Moore and Urban, 2004) , the brain is highly responsive to androgens such as testosterone, with the hippocampus being one of the most strongly influenced regions (Beyenburg et al., 2000; Kerr et al., 1995; Simerly et al., 1990) . Indeed, the level of AR expression in the hippocampus, as measured by AR mRNA concentration, has been shown to be of the same order of magnitude as expression in the prostate (Beyenburg et al., 2000) . Thus, although testosterone is frequently associated with sexually dimorphic physical characteristics, as well as behavioral traits such as aggression, the gradual decrease in the availability of testosterone for hippocampal tissue is likely a key component of the processes underlying brain aging in men Veiga et al., 2004) .
Animal studies have demonstrated a significant positive association between testosterone and hippocampal volume (Galea et al., 1999) , as well as effects of the hormone on hippocampal neural plasticity (Harley et al., 2000; MacLusky et al., 2006) , synaptic density (Leranth et al., 2003; Parducz et al., 2006) , and neurogenesis (Galea, 2008; Galea et al., 2006 ). In humans, testosterone level has been found to correlate positively with hippocampal volume during adolescence (Neufang et al., 2009 ). On a more global scale, levels of bioavailable testosterone from midlife (roughly age 60) have been shown to predict total cranial volume as well as frontal and parietal lobe volumes 10 to 16 years later (Lessov-Schlaggar et al., 2005) . We are aware of no studies in adult humans that have established a direct relationship between testosterone and hippocampal volume; however, higher testosterone levels have been linked to increased regional cerebral blood flow within the human hippocampus (Moffat and Resnick, 2007) . While there has been minimal investigation of the relationship between testosterone and the hippocampus in humans, numerous studies have found a positive correlation between testosterone and hippocampally-mediated cognitive processes (e.g., episodic memory and visual-spatial ability) in middle-aged and older adults Martin et al., 2008; Matousek and Sherwin, 2010; Yaffe et al., 2002) .
In addition to associations with the hippocampus and cognition, low testosterone levels have been shown to be predictive of Alzheimer's disease (AD) in men (Hogervorst et al., 2004; Moffat et al., 2004) , as well as amnestic mild cognitive impairment (Chu et al., 2008) . Evidence indicates that testosterone regulates the accumulation of β-amyloid in the brain, potentially abating the neuropathology underlying AD (Gouras et al., 2000; Rosario et al., 2006) . Interactions between testosterone and the apolipoprotein-E (APOE) ε4 allele have also been observed for measures of cognitive functioning and hippocampal volume (Raber, 2008; Panizzon et al., 2010) , as well as for the risk of AD itself (Hogervorst et al., 2002) . Findings such as these have promoted the hypothesis that androgens like testosterone are neuro-protective, sparking interest into hormone replacement as a possible therapeutic intervention (Hammond et al., 2001; Pike et al., 2009; Veiga et al., 2004) . It should be noted, however, that the actual risks and benefits of such hormone replacement treatment remain largely undetermined.
The aim of the present study was to elucidate the nature of the relationship between testosterone and hippocampal volume in adult men. Using data from a cohort of middle-aged male twins we examined two potential mechanisms. First, given that multiple animal studies have shown a relationship between testosterone and structural aspects of the hippocampus (Galea et al., 1999 (Galea et al., , 2006 Leranth et al., 2003; MacLusky et al., 2006) , as well as some evidence for a direct relationship in humans (Moffat and Resnick, 2007; Neufang et al., 2009 ), we examined whether testosterone level and hippocampal volume were significantly correlated with one another, and the extent to which any observed correlation was driven by shared genetic or environmental factors. Second, we tested whether testosterone modifies the degree to which hippocampal volume is influenced by genetic and environmental factors. In any type of tissue, testosterone primarily exerts its influence by binding with the AR (Li and Al-Azzawi, 2009 ). As a transcriptional activator the AR modulates the expression of numerous downstream genes by regulating the conversion (i.e., transcription) of DNA into RNA (Dalton and Gao, 2010; Li and Al-Azzawi, 2009 ). Thus, the function of the AR provides a mechanism by which testosterone may alter the degree to which a phenotype like hippocampal volume is influenced by genetic factors. Along these lines, a number of studies have to date shown that testosterone can alter the expression of specific genes within the hippocampus and other brain regions (Chowen-Breed et al., 1989; Kerr et al., 1996; Tirassa et al., 1997; Zhang et al., 1999) . We therefore tested whether the heritability of hippocampal volume (i.e., the proportion of variance contributed by genetic factors) would vary as a function of testosterone level. Put another way, we examined whether the level of testosterone alters the balance of latent genetic and environmental factors that contribute to individual differences in hippocampal volume.
Methods

Participants
Data were obtained as part of the Vietnam Era Twin Study of Aging (VETSA), a longitudinal study of cognitive and brain aging with baseline in midlife (Kremen et al., 2006) . Participants in the VETSA were sampled from the Vietnam Era Twin (VET) Registry, a nationally distributed sample of male-male twin pairs who served in the United States military at some point between 1965 and 1975 (Goldberg et al., 2002 . Detailed descriptions of the VET Registry's composition and method of ascertainment have been reported elsewhere (Eisen et al., 1987; Henderson et al., 1990) . Although all VETSA participants are military veterans, the vast majority did not experience combat situations during their military careers. In total, 1237 men ages 51 to 60 participated in the primary VETSA project, the average age was 55.4 years (SD = 2.5). Participants were predominantly Caucasian (89.7%), with an average education of 13.8 years (SD = 2.1); 88% described their overall health as good or better. In comparison to U.S. census data, participants in the VETSA are similar in demographic and health characteristics to American men in their age range (Centers for Disease Control and Prevention, 2003) . Zygosity for 92% of the sample was determined by analysis of 25 microsatellite markers obtained from blood samples. For the remainder of the sample zygosity was determined through a combination of questionnaire and blood group methods. A comparison of these two approaches in the VETSA sample has demonstrated an agreement rate of 95%. Neuroimaging and endocrine data were collected as part of two related studies: neuroimaging began in 2003 (N= 474); and endocrine data collection began in 2005 (N= 783).
As part of the primary VETSA project, participants traveled to either the University of California San Diego (UCSD) or Boston University for a daylong series of physical, psychosocial, and neurocognitive assessments. Informed consent was obtained from all participants prior to data collection. To be eligible for the primary VETSA project both members of a twin pair had to agree to participate and be between the ages of 51 and 59 at the time of recruitment. Similar eligibility criteria were imposed for the VETSA MRI study, with the exception that standard MRI exclusion criterion were imposed in order to ensure participant safety (e.g., the absence of metal in the body). No exclusion criteria were used for the endocrine study other than the participant's willingness to participate. In total, both neuroimaging and testosterone data were available for 382 VETSA participants: 89 monozygotic (MZ) pairs, 68 dizygotic (DZ) pairs, and 68 unpaired twins. This subset did not significantly differ from the rest of the sample with respect to age (average age = 55.9 years, SD= 2.6), years of education (average education = 13.8 years, SD= 2.1), ethnicity (86.7% Caucasian), or selfreported health status (90% described as good or better).
Procedures Testosterone collection and assay
Testosterone levels were obtained through saliva collection on two days at home during a participant's typical week, as well as on the assessment day. The at-home samples were collected approximately two weeks prior to the assessment day. Saliva was collected at waking, 30 min after waking, 10:00 a.m., 3:00 p.m., and bedtime on all days. Participants were mailed a saliva collection kit which included individualized instructions, labeled 4.5 ml Cryotube vials, Trident original sugarless gum, straws, tissues, a daily log, pen, reminder watch, and a storage container with an electronic track cap for determining compliance with the protocol. Samples were sent via overnight mail to the University of California at Davis for assay.
Prior to assay, saliva samples were centrifuged at 3000 rpm for 20 min to separate the aqueous component from mucins and other suspended particles. Salivary concentrations of free testosterone were determined in duplicate using commercial radioimmunoassay kits (Beckman Coulter Inc., formerly Diagnostics Systems Laboratories, Webster, TX). Assay procedures were identical to those previously described by Granger and colleagues (Granger et al., 1999) . Intraassay and inter-assay coefficients of variation were 3.141 pg/ml and 4.878 pg/ml, respectively. The least detectable dose for the assay was 1.3697 pg/ml. All samples from each participant were assayed together; and data from one to three individuals were included in each assay batch. Assays were always performed without knowledge of the zygosity of the twin pairs. Values greater than three standard deviations above the mean waking testosterone level, the highest value of the day, were set to missing in order to eliminate outlying data points. Data from participants who reported taking testosterone supplements or other medications known to alter testosterone levels were also set to missing. All analyses utilized the average testosterone value for all time points across the three collection days. This value was squareroot transformed in order to normalize the distribution, and adjusted for the effects of age prior to formal structural equation modeling. Hereafter, all references to testosterone results refer to these transformed, age-adjusted values.
MRI acquisition and processing
The acquisition parameters and post-processing details for the VETSA MRI study have been described in detail elsewhere . Briefly, neuroimaging was performed within 24 h of the assessment day at either the UCSD Medical Center or the Massachusetts General Hospital (MGH) in Boston. Images were acquired on Siemens 1.5 T scanners. Scanning sequences were specifically designed for use across different scanners and vendors. Sagittal T1-weighted MPRAGE sequences were employed with a TI=1000 ms, TE=3.31 ms, TR = 2730 ms, flip angle=7°, slice thickness=1.33 mm, voxel size 1.3 ×1.0 × 1.3 mm. Raw DICOM MRI scans from both sites were transferred to MGH for post-processing and quality control.
Hippocampal volumes were obtained using segmentation methods based on the publically available FreeSurfer software package (Fischl et al., 2002) . The semi-automated, fully 3D whole brain segmentation procedure uses a probabilistic atlas and applies a Bayesian classification rule to assign a neuroanatomical label to each voxel. Adhering to the parcellation system described by Makris and colleagues (Makris et al., 1999) , the FreeSurfer definition of the hippocampus includes the dentate gyrus, the CA fields, the subiculum/parasubiculum, and the fimbria. Segmentation of the hippocampus, the region of interest for the present study, required a visual inspection of the automated output to ensure no technical failure of the application or mislabeling. For the purposes of the VETSA MRI study, a project-specific atlas was created from 20 unrelated, randomly selected VETSA participants. Automated volumetric measurements based on this atlas were within the 99% confidence interval with respect to the "gold standard" manual measurements . Direct comparisons of FreeSurfer to manually derived hippocampal volume measurements in other samples have also demonstrated high degrees of agreement between the approaches (Fischl et al., 2002; Morey et al., 2009) . A measure of total intracranial volume (ICV) was also estimated based on a scaling factor related to the transformation of the full brain mask into atlas space (Buckner et al., 2004) . Estimated ICV was used to adjust the hippocampal volume measures for individual differences in head size . In addition to controlling for ICV, measures of left and right hippocampal volume were statistically adjusted for the effects of participant age and scanning site. All future references to hippocampal volume results refer to volumes adjusted for ICV, age, and scanning site.
Statistical analyses
The standard univariate twin model decomposes the variance of any phenotype into the proportion attributed to additive genetic (A) influences, common or shared environmental (C) influences (i.e., environmental factors that make both members of a twin pair similar to one another), and unique environmental (E) influences (i.e., environmental factors that make members of a twin pair different from one another, including measurement error) (Eaves et al., 1978; Neale and Cardon, 1992) . The resulting model is commonly referred to as the "ACE" model. Analyses for the present study extend this model so as to determine the degree of covariance between the A, C, and E contributions to testosterone level and hippocampal volume, as well as determine the degree to which the A, C, and E contributions to hippocampal volume vary as a function of testosterone (Purcell, 2002) . Models were fit to the raw data using the maximum-likelihood based structural equation modeling software Mx (Neale et al., 2004) .
Multivariate twin analysis
Multivariate twin analysis can be used, in part, to calculate genetic and environmental correlations between phenotypes of interest. Conceptually, these correlations represent the degree to which genetic and environmental influences of one phenotype are predictive of the influences for another phenotype (Carey, 1988) . In order to determine if testosterone level and hippocampal volume correlated significantly, and if they possess significant genetic and environmental correlations, we fit a trivariate (i.e., testosterone, left hippocampal volume, and right hippocampal volume) correlated factors model. A simplified bivariate version of the relationships derived from this model is depicted in Fig. 1 . In addition to estimating the genetic and environmental contributions to each phenotype, the correlated factors model decomposes the total covariance between phenotypes into genetic and environmental components. As such, the sum of the standardized genetic and environmental covariance estimates is equal to the phenotypic correlation. The genetic and environmental covariance estimates can then be used to calculate genetic and environment correlations. In statistical terms, the genetic correlation between two phenotypes is equal to their genetic covariance, divided by the square root of the product of their separate genetic variances (Neale and Cardon, 1992) . Shared environmental and unique environmental correlations are calculated in a similar fashion using the corresponding variance and covariance estimates. Unlike other structural equation models that utilize twin data, the correlated factors model tests no specific hypothesis regarding the data; rather, the model simply estimates the genetic and environmental contributions to the variance of each phenotype and the covariances between them, while imposing no other structure on the data. Thus, the model is analogous to a simple correlation analysis that would be conducted in standard, non-twin studies. 
Moderation of variance components
To determine if the heritability of hippocampal volume varies as a function of testosterone, we utilized a model that allowed for the inclusion of an additional measured variable in the previously mentioned univariate ACE model that would act as a moderator of the genetic and environmental influences. The model is depicted in Fig. 2 . As described by Purcell (Purcell, 2002) , the model specifies a linear increase or decrease in each of the variance components and the mean of a phenotype as a function of the continuous moderator variable. Each moderating effect (β) is independent of the other, thereby allowing multiple variations of the model to be fit (e.g., moderation of the genetic variance only, moderation of the unique environment variance only). The independence of the effects also allows for a moderating influence to be present on the variance components of a phenotype while the mean remains stable. The presence of a significant moderator effect on the mean simply indicates that testosterone, the moderating variable, is phenotypically correlated with hippocampal volume. A moderator effect on either the genetic or environmental variance components would indicate that the relative contributions of these factors to the variance of hippocampal volume are not constant across different levels of testosterone. Because the proportions of genetic and environmental variances determine heritability, a moderator effect on the variance components may result in differential heritability of hippocampal volume at different levels of testosterone.
In total, six models were fit to the data in order to test for the presence of a moderating effect of testosterone. We began by first fitting a model with no moderating effects. This provided a comparison model against which the fit of all other models would be judged. Moderating effects were then systematically added to the mean and each of the variance components. Evaluation of relative model fit was performed using the likelihood-ratio-test (LRT), which is calculated as the difference in the negative 2 log-likelihood (−2LL) of one model relative to another (i.e., a model with one or more moderating effects relative to the model with none). Under certain regulatory conditions, the LRT is distributed as a chi-square with degrees of freedom equivalent to the difference in the number of parameters between the competing models (Steiger et al., 1985) . Significant LRT values (p b .05) indicate that the addition of moderating effects significantly improves the fit of the model. In addition, we used the Akaike Information Criterion (AIC), calculated as the −2LL minus twice the degrees of freedom, as a secondary indicator of model parsimony (Akaike, 1987) . Lower AIC values represent a better balance on the part of the model between goodness-of-fit and the number of parameters.
Results
Prior to statistical adjustment, the average testosterone level was 98.4 pg/ml (SD = 29.3), and a small but significant correlation was observed between the hormone level and age, r = −.13 (p = .01). The unadjusted, average left and right hippocampal volumes were 3974.7 mm 3 (SD = 393.7) and 4198.0 mm 3 (SD = 426.1), respectively.
These volumes are consistent with those reported for similarly aged samples that were collected utilizing nearly identical imaging and post-processing methods (Walhovd et al., 2011) . The difference in the average volumes for the two structures was highly significant (p b .0001) and was consistent with the established pattern of hippocampal asymmetry (Watson et al., 1992; Weis et al., 1989) . After accounting for ICV, small correlations were observed between both hippocampal volumes and the age of the participants (Left Hippocampus: r = −.10, p = .02; Right Hippocampus: r = −.11, p = .02). There were no significant effects observed for scanning site on either measure of hippocampal volume after adjusting for ICV.
Trivariate correlated factors model
Estimates of the genetic, environmental and phenotypic correlations (as derived from the trivariate correlated factors model) are presented in Table 1 . The average testosterone level was found to have a significant heritability (a 2 ) of .34 (i.e., 34% of the variance could be attributed to additive genetic influences), common environmental influences (c 2 ) of .20, and unique environmental influences (e 2 ) of .46. The observed common environmental influences on testosterone were likely due to the effects of assay batch, which introduced additional within-pair covariance for twins that were processed together. Left and right hippocampal volumes were both strongly heritable, .62 and .66 respectively, and both had minimal common environmental influences, .02 and .00 respectively. Consistent with previous findings from our group, the genetic correlation (r g ) between the left and right hippocampal volumes was .99 (95% CI: .94 to 1.0), indicating that the same genes influence the volume of both structures (Eyler et al., 2011) .
At the phenotypic level the correlations between testosterone and both hippocampal volumes were extremely small and not statistically significant (Left Hippocampus: r p = .00, Right Hippocampus: r p = −.02). Genetic correlations with testosterone were .13 for the left hippocampus and .18 for the right; neither was significant based on the 95% confidence intervals. Although the correlation between the common environmental influences (r c ) appeared to be large in magnitude (Left Hippocampus r c = −.74; Right Hippocampus r c = −.99), these values were not significant due the minimal impact of the common environment on either hippocampal volume. The unique environmental correlation (r e ) between testosterone and left hippocampal volume was small and non-significant, −.03; however, a significant relationship was observed with right hippocampal volume (r e =−.21). Overall, the results indicated the presence of minimal genetic or environmental covariance between testosterone level and hippocampal volume.
Moderation of variance components
The model fitting results for the moderating effects of testosterone on the left and right hippocampal volumes are presented in Table 2 . Unlike the previous analysis, separate models were fit for the left and right hippocampal volumes. We began by fitting models with only additive genetic and unique environment variance components, referred to as an AE model, and no moderating effects for each hippocampal volume (Models 1a and 1b) . This provided us with baseline models to which moderating effects could systematically be added in order to see if doing so resulted in significant improvements in model fit. Given the minimal effects of the common environment on hippocampal volume observed in the previous analysis, we elected to set this parameter to zero in all subsequent models. The 20% contribution of the common environment to testosterone was not impacted by this step because only the observed level of the hormone was represented in the model and not its individual variance components.
There was no significant moderating effect of testosterone on the mean of the right or the left hippocampal volumes, Models 2a and 2b. This was consistent with the near zero phenotypic correlations that were observed between testosterone and both hippocampal volumes in the correlated factors model. For the right hippocampus, there was no significant moderating effect of testosterone on the additive genetic variance alone, Model 3a (p = .248), and no significant moderating effect of testosterone on the unique environment variance alone, Model 4a (p = .390). However, a highly significant change in model fit (p = .006) was observed when moderating effects were added to both the additive genetic and unique environment variance components but not the mean, Model 5a. The inclusion of a moderating effect on the mean as well as the two variance components, Model 6a, also resulted in a significant change in model fit (p = .012); however, examination of the LRT values for both models indicated that relative to Model 5a the increase in LRT for Model 6a was small and did not reach statistical significance (LRT = 0.88, ΔDF = 1, p = .350). In addition, the smaller AIC value for Model 5a indicates that this scenario of moderating effects (i.e., on both variance components but not on the means) achieved a better balance between overall fit and parsimony. As shown in Fig. 3a , the moderating effects from Model 5a resulted in a steady increase in the genetic variance of hippocampal volume as a function of increasing testosterone levels, whereas an inverse relationship was observed for the unique environment variance. As a result, the heritability of hippocampal volume increased from .27 at the lowest testosterone level, to .96 when the hormone level was at its highest point (see Fig. 3b ).
For the left hippocampus, the only significant change in model fit was obtained when a moderating effect was added to the additive genetic variance, Model 3b (p = .028). The inclusion of moderating effects on both the genetic and unique environment variance components, Model 5b, resulted only in a trend level reduction in fit (p = .067). Thus, a model equivalent to the one fitted to the right hippocampus proved to be a poor representation of the data. The moderating effect from Model 3b resulted in a steady increase in the genetic variance of left hippocampal volume as a function of increases in testosterone level, whereas the unique environment variance remained stable. At the lowest testosterone levels the heritability of left hippocampal volume was .47, while at the higher testosterone levels the heritability increased to .72 (see Supplemental Fig. 1 ).
Secondary analyses
In order to ensure that testosterone had no effect on the common environmental determinants of hippocampal volume, analyses were repeated with the common environment parameter freely estimated. The best-fitting model for the right hippocampus was again obtained when moderating effects were added to additive genetic and unique environment variance components, while the common environment and the mean remained unaffected. For the left hippocampus, the best-fitting model was obtained when moderating effects were only allowed to influence the additive genetic variance component. In both cases the relative increase in heritability as function of testosterone was identical to what was observed in the previous analyses (Right Hippocampus: .27 to .96; Left Hippocampus: .47 to .72). * Models 2 through 6 are tested against the fit of model 1. − 2LL = Negative 2 loglikelihood; DF = Degrees of freedom; LRT = Likelihood-ratio chi-square test; ΔDF = Change in degrees of freedom; AIC = Akaike information criterion. Best fitting models appear in bold font.
Additional analyses were also performed in order to determine whether the observed effects of testosterone were unique to hippocampal volume, or were indicative of a more global brain process. Thus, we tested for effects of testosterone on a measure of total brain volume. There was no significant effect of testosterone on the mean of total brain volume, indicating the absence of a significant phenotypic correlation between them. Moreover, there were no significant effects of testosterone on the genetic and environmental variance components of total brain volume. Altogether, a model in which moderating effects of testosterone were allowed on all parameters resulted in minimal change in fit relative to a model with no moderating effects (p = .741), once again indicating non-significant effects of testosterone. Equivalent results were obtained for a measure of total brain volume adjusted for ICV.
Discussion
No correlation between testosterone and hippocampal volume
In the present study, there was no evidence for either a phenotypic or genetic correlation between testosterone level and hippocampal volume. In other words, hippocampal volumes did not increase or decrease as a function of testosterone levels, and there was no evidence of shared genetic variance between the hormone and the brain structure. A small but significant unique environmental correlation was observed between testosterone level and right hippocampal volume; however, the magnitude of this correlation indicated a minimal degree of shared variance. These results allowed us to conclude that testosterone level and hippocampal volume were phenotypically and genetically independent of one another.
Testosterone moderates genetic and environmental variance components
Despite the absence of significant phenotypic or genetic covariance, we found that testosterone moderated the heritability of hippocampal volume, such that individual differences in the brain structure were more genetically driven when testosterone levels were higher. The effect was most pronounced for the right hippocampus where the heritability ranged from .27 when testosterone levels were two standard deviations below the mean, to .96 when the testosterone levels were two standard deviations above the mean. For the left hippocampus, which was on average smaller than the right and had a smaller overall variance, the heritability ranged from .47 to .72. Once again, testosterone level did not modify the volume of the hippocampus; rather, the results indicate that regardless of whether the hippocampus is large or small, the determinants of its size differ as a function of testosterone level. Genetic influences played a greater role in determining hippocampal volume when testosterone levels were high, whereas unique environmental influences played a greater role when testosterone levels were low. To the best of our knowledge, this is the first study to show that the heritability of a brain structure in adults can be modified by an endogenous biological factor.
The dynamic nature of heritability estimates is a well established concept (Jinks and Fulker, 1970) , and recent studies of phenotypes such as general cognitive ability (Turkheimer et al., 2003; Vinkhuyzen et al., 2011) , reading ability (Kremen et al., 2005) , personality (Krueger et al., 2008) , and physical health (Johnson and Krueger, 2005) have repeatedly demonstrated this fact. While multiple twin and family studies have shown that individual differences in brain structures (e.g., cortical thickness and subcortical volumes) are under significant genetic influence (Glahn et al., 2007; Peper et al., 2007; Schmitt et al., 2007) , we are aware of only two studies that have reported changes in the heritability of brain imaging phenotypes as a result of some quantifiable factor. In a pediatric sample of twins and siblings, Lenroot and colleagues reported increases in the heritability of cortical thickness from early childhood to late adolescence (Lenroot et al., 2009 ). More recently, Chiang and colleagues found similar effects of age and socioeconomic status on measures of white matter integrity in a slightly older cohort of twins and siblings ages 12 to 29 (Chiang et al., 2011) . These findings, as well as those from the present study, suggest that changes in the balance of genetic and environmental influences on brain structures may occur as a function of age as well as in response to factors either in the external environmental or within the individual. The identification of these potential moderating factors may prove critical to future studies that attempt to elucidate the specific genetic determinants of neuroimaging phenotypes.
At the present time, the precise mechanism through which testosterone influences the heritability of hippocampal volume is unclear. It may be the case that the level of testosterone changes the degree to which the genes that influence hippocampal volume are expressed. Thus, while a fixed number of genes might influence hippocampal volume, the magnitude of their impact could depend upon the exposure of neurons to certain levels of hormones such as testosterone. Animal studies have established that testosterone, as well as hormones such as estrogen and dehydroepiandrosterone, can modify gene expression within the hippocampus and other brain regions ( Aenlle et al., 2009; Chowen-Breed et al., 1989; Kerr et al., 1996; Mo et al., 2009; Tirassa et al., 1997; Zhang et al., 1999) . Such a mechanism would certainly be consistent with the known function of the AR, wherein as the concentration of testosterone increases, activation of ARs within the hippocampus will be greater (Dalton and Gao, 2010; Li and Al-Azzawi, 2009 ). Stronger AR activation in turn, will cause greater expression of AR-regulated genes that may alter hippocampal structure and function. Conversely, these processes will be considerably less or will not occur at all when testosterone levels are low. Alternatively, it may be the case that these results reflect the switching on or off of genes as the level of testosterone changes. In other words, the genes that influence hippocampal volume when testosterone is low may be different from the genes that influence it when the hormone levels are high. An enhanced version of the model used in the present study may be able to ultimately address this question (Neale and Keller, 2007) ; however, that model is currently still under development.
Although it has been well established that testosterone levels in men decline with increasing age (Feldman et al., 2002; Ferrini and Barrett-Connor, 1998; Harman et al., 2001; Muller et al., 2003) , the cross-sectional design of the present study does not allow us to determine whether the observed effects of testosterone are long standing, or the result of age-related changes in the hormone level. Nevertheless, we believe that the nature of the effect, specifically the modulation of genetic influences in the absence of mean level changes, is suggestive of an underlying aging-related process. In an animal model of cognitive aging, Blalock and colleagues showed that changes in gene expression preceded observable age-related changes in the phenotypes they examined (Blalock et al., 2003) . Thus, it may be the case that changes in the genetic influences of a phenotype are one of the earliest indicators of cognitive and brain aging. The results of the present study, as well as recent findings from our group in which we found heritability differences but not mean level differences in cognitive domains as a function of hypertension status (Vasilopoulos et al., in press) , would appear to be consistent with this hypothesis. Ultimately, longitudinal investigations, and to some extent cross-sectional studies spanning from early adulthood to old age, that utilize advances in genome-wide association and gene expression methods will be needed in order to address this issue.
It is possible that variation in AR sensitivity and signaling might, in part, account for the results of the present study. Functional polymorphisms of the AR gene are determined by a variable number of CAG repeats in exon 1, which subsequently code for a polyglutamine sequence in the receptor protein (Zitzmann and Nieschlag, 2003) . The length of this polyglutamine sequence inversely relates to the transcriptional activity of the receptor (Chamberlain et al., 1994) , and when pathologically elongated, results in severe androgen insensitivity (i.e., Kennedy's disease) (La Spada et al., 1991) . Longer CAG repeat sequences have been negatively associated with cognitive performance in older men (Yaffe et al., 2003) , and also appear to slow the decline in testosterone levels with increasing age (Krithivas et al., 1999) . Perhaps most relevant to the present findings is the mediating role of the CAG repeat length on the relationships between testosterone and depressive symptoms in middle-aged men (Seidman et al., 2001) , amygdala reactivity in men (Manuck et al., 2010) , and white matter development in male adolescents (Perrin et al., 2008) . The interactions observed in these studies suggest that the modifying influence of testosterone on the heritability of hippocampal volume might vary in accordance with the number of CAG repeats in the AR gene.
Limitations
This study is not without its limitations; however, we believe that each of these represents an additional avenue for further investigation. For example, it remains to be seen whether testosterone exerts similar influences on other brain regions. In addition to the hippocampus, ARs are also highly expressed in the amygdala and areas of the prefrontal cortex; therefore these regions may demonstrate similar relationships with testosterone, although transcriptional regulation can differ due to cellular background (Beyenburg et al., 2000; Finley and Kritzer, 1999; Roselli et al., 2001; Simerly et al., 1990) . The role of other hormones in this relationship is also uncertain. The hippocampus has many different types of steroid hormone receptors (Tohgi et al., 1995) , of which the glucocorticoid receptors are particularly notable (McEwen, 2002; McEwen et al., 1968) . Like testosterone, cortisol has been found to influence hippocampal volume as well as performance on hippocampal-mediated cognitive tasks (Lupien et al., 1994; Lupien et al., 1998) . Moreover, the two hormones are known to interact with one another, such that testosterone may suppress cortisol by inhibiting the function of the hypothalamic-pituitary-adrenal axis (Viau, 2002) . A more comprehensive model of neuroendocrine action in the hippocampus, therefore, will ultimately have to include the combined actions of testosterone, cortisol, and possibly other hormones. Finally, it remains to be seen if and how these results will generalize to women. Testosterone levels in women, although markedly lower than in men, also decrease with age (Longcope et al., 1986) , and higher levels have been associated with better cognitive functioning in later life . The effect of testosterone in women, however, is likely secondary to the role of estrogen. Paralleling much of the work done with testosterone, estrogen has been associated with cognitive functioning (Genazzani et al., 2007) , structural aspects of the hippocampus (Chen et al., 2009) , and the risk of developing AD (Pike et al., 2009 ). Animal studies have also shown that estrogen can influence hippocampal gene expression (Aenlle et al., 2009) . Given the similarity of effects of both hormones on cognition and brain structure, as well as the prominence of both types of receptors within the hippocampus, examination of whether estrogen modifies the heritability of hippocampal volume in women would appear warranted.
Conclusion
The present study demonstrates that in middle-aged men testosterone influences the degree to which hippocampal volume is determined by genetic and environmental influences. To our knowledge, these results are the first to show that in addition to age and aspects of the individual's environment, an endogenous factor can alter the magnitude of genetic influences on a brain structure. Given the gradual decline in testosterone levels that is observed with increasing age, the present results suggest that the level of this hormone is likely a valuable biomarker for brain aging in men.
Supplementary materials related to this article can be found online at doi:10.1016/j.neuroimage.2011.09.044.
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